Introduction {#S0001}
============

Membranous glomerulonephritis (MGN) is one of the major autoimmune-mediated nephrotic syndrome that affects mainly the adult population.[@CIT0001],[@CIT0002] MGN shows the symptoms of immune complex deposition in glomerular subepithelial space and heavy proteinuria.[@CIT0003],[@CIT0004] The major complications associated with MGN are chronic inflammation, oxidative stress, glomerular and tubulointerstitial lesions.[@CIT0005] Approximately, 30--40% of the MGN cases progress towards renal impairment and finally ends up with renal failure after 10--15 years.[@CIT0006] Previously, it has been reported that induced MGN animals presented with glomerular lesions,[@CIT0002] oxidative stress in terms of increased production of reactive oxygen species (ROS) and impaired production of anti-oxidant molecules[@CIT0007] and induction of inflammatory mediators.[@CIT0002] In addition, overproduction of ROS by inflammatory nephritis cells can cause tissue damage, intensify inflammation and aggravate nephritis progression.[@CIT0008] There is ample evidence that oxidative stress and its interrelationship with inflammation plays an important role in kidney injury.[@CIT0009] In recent years, the treatment of MGN with immunosuppressive drugs has been surfaced, but the treatment regimen is not that effective and also often associated with adverse effects.[@CIT0010]--[@CIT0012] Hence, there is a quest for therapy which could provide an alternative for MGN. Nowadays, the usage of herbal originated bioactive compounds is pervasive due to its natural origin and less adverse effects.[@CIT0013]

Isoliquiritin (ILQ) is one of the active constituents of traditional Chinese medicinal plant, *Glycyrrhiza uralensis* which has been used in herbal medicine for hundreds of years for the treatment of detoxification, swelling and injuries.[@CIT0014],[@CIT0015] ILQ is a flavonoid responsible for broad spectrum of pharmacological properties such as anti-neurotoxic,[@CIT0016] anti-depressant,[@CIT0017] anti-angiogenic,[@CIT0018] inhibition of p53-dependent pathway and proved crosstalk between Akt,[@CIT0019] phytoestrogenic,[@CIT0020] anti-genotoxic,[@CIT0021] anti-tumor,[@CIT0022] anti-fungal,[@CIT0023] anti-viral,[@CIT0024] anti-oxidant[@CIT0019],[@CIT0025] and anti-inflammatory[@CIT0016] activities. ILQ exerts its anti-oxidant property by an increase in the activities of superoxide dismutase and catalase and by decrease in the contents of ROS and malondialdehyde.[@CIT0016] Previous, Wang et al[@CIT0026] reported that ILQ suppresses the lipopolysaccharide (LPS) induced inflammatory responses in murine macrophages through the suppression of inflammatory mediators.

Considering the complications associated with MGN and pharmacological activities of ILQ, the present study is designed to evaluate the possible renoprotective effects of ILQ in C-BSA induced MGN using rat as an experimental model. To study the therapeutic effects of ILQ in induced-MGN rat model, several physiological, biochemical, molecular, immunological and histopathological parameters were studied with a special focus on the anti-oxidant and anti-inflammatory effects. The scope of the study is further broadened by studying the roles of Nrf-2 and NF-kB in mediating anti-oxidant and anti-inflammatory effects, respectively.

Materials And Methods {#S0002}
=====================

Chemicals {#S0002-S2001}
---------

Isoliquiritin (ILQ) was purchased from Xi'an Xiaocao Botanical Development Co., Ltd. (purity \>98%, Shanxi, China). The cationic bovine serum albumin (C-BSA) was bought from Chondrex, Inc. (Cat. No. 9058; Redmond, WA 98052, USA). Additionally, IKKβ inhibitor (2-\[(aminocarbonyl)amino\]-5-(4-fluorophenyl)-3-thiophenecarboxamide; TPCA-1) was purchased from Medchem Express (MCE Co. Ltd., Shanghai, China). All other chemicals and reagents used in the study were of analytical grade.

Animals {#S0002-S2002}
-------

Adult male Sprague--Dawley (SD) rats, weighing between 225±20 g were purchased from Zhengzhou University, China. The animals were kept in polypropylene cages with controlled temperature (22 ± 2°C), light (12:12 hrs light:dark cycle) and relative humidity (55±10%). Animals were allowed ad libitum access to commercially available rodent feed and tap water. The experiments were conducted in accordance with the National Institutes of Health Guide for Laboratory Animals Care and Use and approved by the University Ethics Committee at Jilin University's China-Japan Union Hospital, China.

Experimental Design {#S0002-S2003}
-------------------

Initially, the animals were randomly divided into two groups, i.e. normal control group and experimental group. The experimental group of rats was daily injected intravenously with cationic C-BSA for 4 weeks. MGN was induced by the administration of a C-BSA regimen with a gradual dose increase from day 1 to day 7, i.e. 1 mg, 1 mg, 1 mg, 1.5 mg, 1.5 mg, 2 mg and 2 mg, and subsequently a constant dose of 2.5 mg was given for next 3 weeks. The MGN condition in rats was confirmed by the determination of 24 hrs proteinuria using Bradford assay kit (Sigma-Aldrich) and successfully induced rats were further taken for the main study. ILQ was dissolved in distilled water and TPCA-1 (IKKβ inhibitor) was dissolved in dimethyl sulfoxide (DMSO) and both drugs were administered to MGN rats orally with the help of oral gavage tube for 28 consecutive days. The rats were assigned to four groups of six animals in each as follows:

Group 1: Normal control rats administered with distilled water.

Group 2: MGN control rats administered with distilled water.

Group 3: MGN rats treated with ILQ at a dose of 10 mg/kg/day).[@CIT0017]

Group 4: MGN rats treated with 10 mg/kg/day of TPCA-1 (IKKβ inhibitor).[@CIT0027]

The dose was selected based on preliminary experiments using 10 and 20 mg/kg. The dose of 50 mg/kg had a significant renoprotective effect in induced-MGN rats as assessed by functional and histologic parameters and no further improvement was observed at 20 mg/kg. So, a dose of 50 mg/kg was taken for main study.

Sample Collection And Preparation {#S0002-S2004}
---------------------------------

The day before the completion of experimental period, the rats were positioned in the metabolic cages in such a way to collect the urine for analysis. After experimental period, animals were sacrificed and blood was collected by cardiac puncture into separate tubes for serum separation. Immediately, kidneys were collected, weighed and stored in −80°C for further biochemical, molecular and histological analyses. Further, kidneys were fixed in 10% neutral formalin buffer for histological studies.

Determination Of Renal Functional Biomarkers {#S0002-S2005}
--------------------------------------------

The commercially available colorimetric assay kits (Abnova Corporation, Taipei, Taiwan) were purchased to assess renal function, which includes proteinuria (Cat. No. 9040; Chondrex Inc., Redmond, WA 98052, USA), serum creatinine (Cat. No. KA0849), total cholesterol and triglycerides (Abnova Corporation). Blood urea nitrogen (BUN) was calculated by using the following formula: $$\documentclass[12pt]{minimal}
\usepackage{wasysym}
\usepackage[substack]{amsmath}
\usepackage{amsfonts}
\usepackage{amssymb}
\usepackage{amsbsy}
\usepackage[mathscr]{eucal}
\usepackage{mathrsfs}
\DeclareFontFamily{T1}{linotext}{}
\DeclareFontShape{T1}{linotext}{m}{n} {linotext }{}
\DeclareSymbolFont{linotext}{T1}{linotext}{m}{n}
\DeclareSymbolFontAlphabet{\mathLINOTEXT}{linotext}
\begin{document}
$${\rm{Urea\ }}\left[{{\rm{mmol/L}}} \right]{\rm{ \,= BUN\ }}\left[{{\rm{mg/dL\ of\ nitrogen}}} \right]\break{\rm{ \times 10\ }}\left[{{\rm{dL/L}}} \right]{\rm{ /14 \times 2\ }}\left[{{\rm{mg N/mmol\ urea}}} \right]$$
\end{document}$$

Determination Of Oxidative And Anti-Oxidative Status {#S0002-S2006}
----------------------------------------------------

The determination of lipid peroxidation products in kidney homogenate was done by using thiobarbituric acid reactive substances (TBARS) as described previously by Ohkawa et al.[@CIT0028] The oxidation products of nitric oxide (NO) were measured relative to the concentration of nitrite/nitrate according to the method given by Miranda et al.[@CIT0029] The activity levels of superoxide dismutase (SOD) were estimated as per previous method.[@CIT0030] Catalase (CAT) activity levels were estimated according to the protocol by the method described by Bonaventura et al.[@CIT0031] Moreover, glutathione peroxidase (GPx) activity levels were measured as per the method of Rotruck et al.[@CIT0032] The reduced glutathione (GSH) levels were determined spectrophotometrically following the method of Hissin and Hilf.[@CIT0033] The total protein levels were estimated by using Bradford protein assay kit (Sigma-Aldrich).

ELISA {#S0002-S2007}
-----

The tumor necrosis factor-alpha (TNF-α; ab100785) and interleukin 1 beta (IL-1β; ab100768) levels were assessed in kidney homogenate by using ELISA kits (R&D Systems, Minneapolis, MN, USA) following manufacturer's instructions. NF-κBp65 DNA binding activity was estimated by kit (Cat\#40010, Active Motif, Carlsbad, CA, USA) in the nuclear extracts of kidney.

Quantitative Reverse Transcription Polymerase Chain Reaction (PCR) Analysis {#S0002-S2008}
---------------------------------------------------------------------------

Total RNA was extracted using a TRIzol^®^ reagent, quantified using a Nanodrop 2000, and reverse transcription performed using cDNA synthesis kit (Applied Biosystems, Foster City, CA, USA).

The following sets of primers were used for RT-PCR. NAD(P)H:quinone oxidoreductase 1 (*NQO-1*): forward, 5′-GAGAAGAGCCCTGATTGTACTG-3′; reverse, 5′-ACCTCCCATCCTCTCTTCTT-3′; Heme oxygenase-1 *(HO-1)*: forward, 5′-CTCCCTGTGTTTCCTTTCTCTC-3′; reverse, 5′-CTGCTGGTTTCAAAGTTCAG-3′; *inhibitory* kappa B kinase β (IKKβ): forward, 5′-CACCACAGAAGCACAACAATG-3′; reverse, 5′-CCCGCAGCAGTCCAAAGG-3′; interleukin-8 (IL-8): forward, 5′-TCAACGGGCAGAATCAAAGAG-3′; reverse 5′-CTCAGACAGCGAGGCACATC-3′; intercellular adhesion molecule 1 (ICAM-1): forward, 5′-CCTGTTTCCTGCCTCTGAA-3′; reverse, 5′-GTCTGCTGAGACCCCTCTTG-3′; vascular cell adhesion molecule *1* (*VCAM-1*): forward, 5′-TGACAAGTCCCCATCGTTGA-3′; reverse, 5′-ACCTCGCGACGGCATAATT-3′; E-selectin: forward, 5′- TGAACTGAAGGGATCAAGAAGACT-3′; reverse, 5′-GCCGAGGGACATCATCACAT-3′; monocyte chemoattractant protein-1 (MCP-1): forward, 5′-TCTCTTCCTCCACCACTATGCA-3′; reverse, 5′-GGCTGAGACAGCACGTGGAT-3′; β*-actin*: forward, 5′-GGTATCCTGACCCTGAAGTA-3′; reverse, 5′-CACACGCAGCTCATTGTAGA-3′. The RT-PCR was carried out in triplicates using SYBR GREEN PCR master mix (Invitrogen) on Applied Biosystems 7900 Fast Real-Time PCR System. The relative quantitation of mRNA expression was performed by 2^−ΔΔCt^ method. Ct values for the housekeeping gene β-actin were first standardized within the sample before comparison across normal group samples.

Histopathological Analysis {#S0002-S2009}
--------------------------

The kidneys from normal and experimental group rats were fixed in 4% paraformaldehyde, processed, embedded in paraffin, sectioned to 5μm and then stained with hematoxylin and eosin (H&E). The sections were visualised under Leica DM 68 microscope and images were captured.

Immunohistochemistry {#S0002-S2010}
--------------------

The kidney sections were deparaffinized, rehydrated and antigen retrieved with 10 mM citrate buffer (pH 6.0). Then, sections were blocked with bovine serum albumin (BSA) and allowed to incubate with primary antibody (Nrf2: ab62352; Keap1: ab218815; NQO1: ab28947; HO-1: ab13248; p38-MAPK: ab31828; p-p38-MAPK: ab4822; NF-κB p65: ab16502; IKKβ: ab124957; COX-2: ab15191; iNOS: ab15323; Abcam, Cambridge, UK) at a dilution of 1:100 in 5% bovine serum albumin (BSA). After 3 times washing with phosphate buffer saline (PBS), the sections were incubated with appropriate biotinylated secondary antibody for 1 hr and the immunoreaction was identified after incubation with 3,3′-diaminobenzidine (DAB). The sections were counterstained with hematoxylin to identify cell nuclei and the slides were mounted ones to observe and capture the images.

Protein Extraction And Western Blotting {#S0002-S2011}
---------------------------------------

Nuclear and cytoplasmic extracts were prepared as previously described by Jain et al.[@CIT0034] The protein samples of 30μg were then mixed with loading dye and boiled for 10 mins and subjected to electrophoresis in 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membrane at 120 V for 1.5 hrs. The membranes were blocked with 5% BSA for 1 hr and then probed overnight at 4°C with primary antibody at 1:10,000 in PBST. The membranes were washed 3 times with PBST and then incubated with secondary antibody at room temperature for 1 hr. The blots were washed and visualized by Colorimetric Western Blotting Kit (Sigma-Aldrich). The signals were washed 3 times with PBST and then visualized under ChemiDoc™ Imaging System (Bio-Rad). The results were normalized by β-actin content and were expressed as arbitrary units.

Data Analysis {#S0002-S2012}
-------------

Data are the mean of ± S.D. One-way ANOVA followed by Tukey post hoc test was used to compare differences between control and experimental groups. To denote statistical significance, the p value less than or equal to 0.05 was used.

Results {#S0003}
=======

Effects Of ILQ On Body Weight And Kidney Indices In MGN Rats {#S0003-S2001}
------------------------------------------------------------

No significant difference (p \> 0.05) was observed in the body weights of experimental rats when compared to control rats ([Figure 1A](#F0001){ref-type="fig"}). Conversely, a significant increase in kidney weights (p \< 0.01; [Figure 1B](#F0001){ref-type="fig"}) and its somatic indices (p \< 0.01; [Figure 1C](#F0001){ref-type="fig"}) were observed in MGN untreated rats when compared to control rats. Treatment with ILQ or IKKβ inhibitor (TPCA-1) to MGN rats significantly reduced the weights (p \< 0.01) and somatic indices (p \< 0.01) of kidney.Figure 1Effects of ILQ on (**A**) body weight, (**B**) kidney weights and (**C**) kidney somatic index (KSI) on C-BSA induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group.

Effects Of ILQ On Biochemical Parameters In MGN Rats {#S0003-S2002}
----------------------------------------------------

The MGN untreated rats were presented with significantly increased levels of urinary protein (p \< 0.001; [Figure 2A](#F0002){ref-type="fig"}), serum creatinine (p \< 0.001; [Figure 2B](#F0002){ref-type="fig"}), BUN (p \< 0.001; [Figure 2C](#F0002){ref-type="fig"}), adiponectin (p \< 0.01; [Figure 2D](#F0002){ref-type="fig"}), total cholesterol (p \< 0.001; [Figure 2E](#F0002){ref-type="fig"}), serum triglycerides (p \< 0.01; [Figure 2F](#F0002){ref-type="fig"}) when compared to controls. While MGN rats treated with either ILQ or TPCA-1 significantly reduced the urinary protein (p \< 0.01), serum creatinine (p \< 0.01), BUN (p \< 0.01), adiponectin (p \< 0.01), total cholesterol (p \< 0.01), serum triglycerides (p \< 0.01) levels when compared to MGN untreated rats.Figure 2Effects of ILQ on (**A**) urinary protein, (**B**) serum creatinine, (**C**) BUN, (**D**) adiponectin, (**E**) total cholesterol and (**F**) triglycerides on C-BSA induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group.

Effects Of ILQ On Histopathological In Kidney Of MGN Rats {#S0003-S2003}
---------------------------------------------------------

Histological analysis by hematoxylin and eosin ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}; H&E), pictures indicated control rats had normal renal tissue morphology with intact basement membranes of glomerular capillaries and tubular epithelium, clear Bowman's capsule space with parietal epithelial cells and podocytes, normal size mesangium. While, MGN untreated rats were presented with thick glomerular basement membrane, glomerular atrophy. However, ILQ or TPCA-1 treatment to MGN rats clearly attenuated the severe pathological condition to mild pathological changes in the mesangium and interstitium.Figure 3Effects of ILQ on histopathological changes on C-BSA-induced MGN rats. (**A**) Lower magnification (200× magnification; scale bar represents 100 μm). Hematoxylin and eosin (H&E). (**B**) Higher magnification (600× magnification; scale bar represents 10 μm) of Hematoxylin and eosin (H&E). n=6.**Abbreviations:** BC, bowman capsule; DT, distal-convoluted tubules; G, glomerulus; GA, glomerular atrophy; P, podocytes; PT, proximal-convoluted tubules.

Effects Of ILQ On Nrf2 Signaling Pathway In Kidney Of MGN Rats {#S0003-S2004}
--------------------------------------------------------------

The gene expression data of Nrf2 signaling pathway are presented in [Figure 4](#F0004){ref-type="fig"}. The results have shown that the renal mRNA expression levels of Nrf2 ([Figure 4A](#F0004){ref-type="fig"}; p \< 0.01), HO-1 ([Figure 4C](#F0004){ref-type="fig"}; p \< 0.01), NQO1 ([Figure 4D](#F0004){ref-type="fig"}; p \< 0.01) levels were slightly upregulated with downregulation in the mRNA expression levels of Keap1 ([Figure 4B](#F0004){ref-type="fig"}; p \< 0.01) in MGN untreated group of rats when compared with control group of rats. In addition, a further conspicuous up-regulation in the renal Nrf2, HO-1, NQO1 mRNA levels with down-regulation of Keap1 mRNA levels was observed in MGN rats treated with ILQ or TPCA-1 when compared to MGN untreated rats. The results were mirrored by immunohistochemistry studies, which revealed that significantly increased protein distribution of Nrf2 ([Figure 5A](#F0005){ref-type="fig"} and [E](#F0005){ref-type="fig"}; p \< 0.01), HO-1 ([Figure 5C](#F0005){ref-type="fig"} and [G](#F0005){ref-type="fig"}; p \< 0.01) and NQO1 ([Figure 5D](#F0005){ref-type="fig"} and [H](#F0005){ref-type="fig"}; p \< 0.01) proteins and decreased distribution of Keap1 ([Figure 5B](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"}; p \< 0.01) protein in glomerular and tubular regions of kidney in MGN untreated rats. While treatment with ILQ or TPCA-1 to MGN rats showed prominent distribution of Nrf2, HO-1 and NQO1 proteins with lesser Keap1 distribution in glomerular and tubular region of kidney as compared with that of MGN untreated rats.Figure 4Effects of ILQ on mRNA levels of (**A**) Nrf2, (**B**) Keap-1, (**C**) HO-1 and (**D**) NQO1 on C-BSA-induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group.Figure 5Effects of ILQ on immunohistochemistry and quantitative analysis of (**A, E**) Nrf2, (**B, F**) Keap1, (**C, G**) HO-1, and (**D, H**) NQO1 on C-BSA-induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group. Scale bar represents 50 μm (400× magnification).**Abbreviations:** BC, bowman capsule; DT, distal-convoluted tubules; G, glomerulus; GA, glomerular atrophy; PT, proximal-convoluted tubules.

The present study results confirmed that a significantly increased nuclear Nrf2 ([Figure 6A](#F0006){ref-type="fig"}; p \< 0.01) and Keap1 ([Figure 6C](#F0006){ref-type="fig"}; p \< 0.01) protein expression with decreased cytosolic protein expressions of Nrf2 ([Figure 6B](#F0006){ref-type="fig"}; p \< 0.01) protein expression in kidney of MGN untreated rats. However, ILQ and TPCA-1 treatment results in a further downregulation in the nuclear Nrf2 and Keap1 ([Figure 6A](#F0006){ref-type="fig"}; p \< 0.001 and [Figure 6C](#F0006){ref-type="fig"}; p \< 0.001) and upregulation in the cytosolic Nrf2 ([Figure 6B](#F0006){ref-type="fig"}; p \< 0.001) protein expression.Figure 6Representative Western blots images. Qualification of fold-change of (**A**) nuclear Nrf2, (**B**) cytosol Nrf2 and (**C**) Keap1. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group.

Effects Of ILQ On Renal Oxidant And Renal Anti-Oxidant Levels In MGN Rats {#S0003-S2005}
-------------------------------------------------------------------------

The renal lipid peroxidation products MDA ([Figure 7A](#F0007){ref-type="fig"}; p \< 0.001) and NO ([Figure 7B](#F0007){ref-type="fig"}; p \< 0.001) levels were significantly increased in MGN untreated rats compared to normal control rats. On the other hand, activity levels of renal SOD ([Figure 7C](#F0007){ref-type="fig"}; p \< 0.001), CAT ([Figure 7D](#F0007){ref-type="fig"}; p \< 0.001), GPx ([Figure 7E](#F0007){ref-type="fig"}; p \< 0.001) and levels of GSH ([Figure 7F](#F0007){ref-type="fig"}; p \< 0.001) were significantly decreased in MGN untreated rats. While ILQ as well as TPCA-1 treated MGN rats showed significantly reduced levels of MDA (p \< 0.01) and NO (p \< 0.01) associated with significantly increased activity levels of SOD (p \< 0.05), CAT (p \< 0.05), GPx (p \< 0.01) and levels of GSH (p \< 0.01) when compared to MGN untreated rats.Figure 7Effects of ILQ on (**A**) MDA, (**B**) NO, (**C**) SOD, (**D**) CAT, (**E**) GPx and (**F**) GSH levels on C-BSA-induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group.

Effects Of ILQ On Inflammatory Markers In Kidney Of MGN Rats {#S0003-S2006}
------------------------------------------------------------

The mRNA expression levels of renal NF-κB p65 ([Figure 8A](#F0008){ref-type="fig"}; p \< 0.001), IKKβ ([Figure 8B](#F0008){ref-type="fig"}; p \< 0.001), TNF-α ([Figure 8C](#F0008){ref-type="fig"}; p \< 0.001), IL-1β ([Figure 8D](#F0008){ref-type="fig"}; p \< 0.001), IL-8 ([Figure 8E](#F0008){ref-type="fig"}; p \< 0.001), ICAM-1 ([Figure 8F](#F0008){ref-type="fig"}; p \< 0.001), VCAM-1 ([Figure 8G](#F0008){ref-type="fig"}; p \< 0.001), MCP-1 ([Figure 8H](#F0008){ref-type="fig"}; p \< 0.001) and E-selectin ([Figure 8I](#F0008){ref-type="fig"}; p \< 0.001) were significantly upregulated in MGN untreated rats in comparison with control rats. The MGN rats treated with either ILQ or TPCA-1 exhibited significant downregulation in the mRNA expression levels of renal NF-κB p65 (p \< 0.01), IKKβ (p \< 0.05), TNF-α (p \< 0.01), IL-1β (p \< 0.05), IL-8 (p \< 0.01), ICAM-1 (p \< 0.01), VCAM-1 (p \< 0.01), MCP-1 (p \< 0.001) and E-selectin (p \< 0.01) when compared to MGN untreated rats.Figure 8Effects of ILQ on (**A**) nuclear NF-κβ p65, (**B**) IKKβ mRNA, (**C**) ELISA-TNF-α levels, (**D**) ELISA-IL-1β levels, (**E**) IL-8 mRNA, (**F**) ICAM-1 mRNA, (**G**) VCAM-1 mRNA, (**H**) MCP-1 mRNA and (**I**) E-selectin mRNA levels on C-BSA-induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group.

The immunohistochemistry results confirmed that the higher expression levels of NF-κB p65 ([Figure 9A](#F0009){ref-type="fig"} and [E](#F0009){ref-type="fig"}), IKKβ ([Figure 9B](#F0009){ref-type="fig"} and [F](#F0009){ref-type="fig"}), COX-2 ([Figure 9C](#F0009){ref-type="fig"} and [G](#F0009){ref-type="fig"}) and iNOS ([Figure 9D](#F0009){ref-type="fig"} and [H](#F0009){ref-type="fig"}) in glomerular and tubular region of kidney in MGN untreated rats when compared to control rats. The Western blot analysis results also confirmed that decreased cytosolic ([Figure 10B](#F0010){ref-type="fig"}) and increased nuclear ([Figure 10A](#F0010){ref-type="fig"}) NF-κB p65 protein levels along with increased p-IKKβ ([Figure 10C](#F0010){ref-type="fig"}) protein expression level in kidney of MGN untreated rats when compared with control rats. However, MGN rats treated with either ILQ or TPCA-1 displayed significantly lower NF-κB p65, IKKβ, COX-2 and iNOS protein levels and lesser distribution levels in glomerular region of kidney when compared to MGN untreated rats. Also, increased cytosolic and decreased nuclear NF-κB p65 protein levels with decreased IKKβ protein expression levels were observed in kidney of MGN rats treated with ILQ or TPCA-1 when compared with MGN untreated rats.Figure 9Effects of ILQ on immunohistochemistry and quantitative analysis of (**A, E**) NF-κβ p65, (**B, F**) IKKβ (**C, G**) and COX2 (**D, H**) iNOS on C-BSA-induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group. Scale bar represents 50 μm (400× magnification).**Abbreviations:** BC, bowman capsule; DT, distal-convoluted tubules; G, glomerulus; GA, glomerular atrophy; PT, proximal-convoluted tubules.Figure 10Effects of ILQ on Western blots images and qualification of fold-change of (**A**) nuclear NF-κβ p65, (**B**) cytosol NF-κβ p65 and (**C**) p-IKKβ on C-BSA-induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group.

Effects Of ILQ On P38 MAPK And P-P38 MAPK Expression Levels In Kidney Of MGN Rats {#S0003-S2007}
---------------------------------------------------------------------------------

Immunohistochemistry analysis revealed that p38-MAPK ([Figure 11A](#F0011){ref-type="fig"} and [C](#F0011){ref-type="fig"}) and p-p38-MAPK ([Figure 11B](#F0011){ref-type="fig"} and [D](#F0011){ref-type="fig"}) proteins distribution level were highly (p \< 0.001) expressed in glomerular region of kidney in MGN untreated rats. Whereas treatment with ILQ or TPCA-1 to MGN rats showed lower distribution levels of proteins p38-MAPK (p \< 0.05) and p-p38-MAPK (p \< 0.01) in glomerular and tubular region of kidney when compared with MGN untreated rats. Western blotting results to further confirm that p38-MAPK ([Figure 11E](#F0011){ref-type="fig"}; p \< 0.01) and p-p38-MAPK ([Figure 11F](#F0011){ref-type="fig"}; p \< 0.01) protein levels were significantly higher in MGN untreated rats when compared with control rats. On the other hand, ILQ or TPCA-1 treated MGN rats showed lower expression levels of p38-MAPK (p \< 0.001) and p-p38-MAPK (p \< 0.001) when compared with MGN untreated rats.Figure 11Effects of ILQ on immunohistochemistry and quantitative analysis of (**A, C**) p38 MAPK, (**B, D**) p-p38 MAPK and Western blots images and qualification of fold-change of (**E**) p38 MAPK, (**F**) p-p38 MAPK on C-BSA-induced MGN rats. Data were expressed as mean ± S.D. for 6 rats per group. ^\#^p \< 0.05 vs MGN group and \*p \< 0.05 vs ILQ or TPCA1 treatment group. Scale bar represents 50 μm (400× magnification).**Abbreviations:** BC, bowman capsule; DT, distal-convoluted tubules; G, glomerulus; GA, glomerular atrophy; PT, proximal-convoluted tubules.

Discussion {#S0004}
==========

The present work has been undertaken to investigate the potential benefits of isoliquiritin (ILQ), an active constituent isolated from the *Glycyrrhiza uralensis* plant in membranous glomerulonephritis (MGN). Previously, it has been demonstrated the anti-oxidant, free radical scavenging and anti-inflammatory properties of ILQ. In the current study, C-BSA induced MGN rat model was used to demonstrate the therapeutic efficacy of ILQ. To the best of our knowledge, this is the first study to demonstrate that ILQ significantly ameliorates the proteinuria and pathological changes of MGN rat. Furthermore, the results of this study indicated that ILQ's renoprotective effects on experimental MGN are at least in part due to the activation of Nrf2 antioxidant pathway and inhibition of NF-κB inflammatory responses.

In the present study, body weights of the animals are not significantly altered in any of the groups indicating no systemic toxicity. Whereas the weights of kidney and somatic indices were significantly increased in MGN rats when compared to control rats. The increase might be due to the inflammatory effects observed in the study. Similar results were observed in rats induced with membranous nephropathy.[@CIT0035] On the other hand, treatment with ILQ or TPCA-1 significantly reduced the kidney weights and its somatic indices when compared to MGN rats.

The aetiology for any pathologic condition in nephrotic syndrome is the increased glomerular permeability to proteins. Hence, the proteinuria is commonly considered to be as a sensitive indicator for MGN.[@CIT0036] Further, creatinine and BUN give valuable information regarding the glomerular filtration rate as a measure of kidney function. In the present study, the MGN rats were presented with significantly increased levels of urinary protein, serum creatinine and BUN when compared to control rats. Treatment of ILQ or TPCA-1 markedly reduced proteinuria, serum creatinine and BUN when compared to MGN rats. Generally, proteinuria is commonly associated with dyslipidemia as loss of even small levels of urinary protein can alter the lipid levels.[@CIT0037] The results of the present study also revealed a significant elevation in the levels of serum cholesterol and triglycerides in MGN rats when compared to controls. The results are in consonance with the earlier reports.[@CIT0035] Treatment with ILQ or TPCA-1 significantly improved the MGN induced hypercholesterolemia and hypertriglyceridemia in rats. The improvement of dyslipidemia after renal injury in MGN rats might be due to the amelioration of proteinuria in ILQ or TPCA-1 treated rats.

Previously, it was reported that hyperlipidemia can aggravate the progression of kidney damage through oxidative stress.[@CIT0038] The increased ROS generation plays a major role in MGN pathogenesis.[@CIT0035] In the current study, a significant increase in MDA and NO levels associated with a significant decrease in SOD, CAT, GPx and GSH activity was observed in the MGN rats kidney compared to control rats. The overproduction of ROS and reactive nitrogen species (RNS) by inflammatory cells in nephritis can intensity inflammation thereby causes tissue damage and ultimately progress towards nephritis.[@CIT0039] The treatment of MGN rats with ILQ or TPCA-1 significantly reduced the renal levels of MDA and NO and significantly increased the activities of SOD, CAT, GPx and levels of GSH when compared to MGN rats.

However, the mechanisms by which ILQ shows its anti-oxidant activity against MGN are still remained to be elucidated. There is a large body of evidence that Nrf2, an essential transcription factor involved in the regulation of antioxidant responsive element (ARE) DNA sequences of Phase II anti-oxidant genes that includes a battery of genes such as NAD(P)H dehydrogenases (NQOs) and HO-1.[@CIT0040],[@CIT0041] Under normal conditions, Nrf2 is negatively regulated by Keap1 in the cytoplasm. Upon activation, Nrf2 dissociates from Keap1 and subsequently translocates to the nucleus,[@CIT0042] dimerizes with Maf protein and binds with cis-acting ARE and thereby regulates genes such as NQOs and HO-1.[@CIT0041] In the present study, MGN rats showed slightly increased mRNA and protein expression levels of Nrf2 and its targeted genes NQO1 and HO-1 along with decreased mRNA and protein expression levels of Keap1 when compared to controls in kidney. The results are in agreement with the observations made by Sutariya, Saraf[@CIT0043] Additionally, treatment of either ILQ or TCPA-1 to MGN rats significantly upregulated the renal mRNA and protein expression levels of Nrf2 and its targeted genes NQO1 and HO-1 with downregulation in the mRNA and protein expression levels of Keap1 compared with that of MGN control rats. These findings are supported by the recent study which shows ILQ treatment induces the expression of NQO1 and HO-1 through the Keap1--Nrf2 pathway.[@CIT0026] So, when Nrf2 is activated, it can translocate to the nucleus and regulates the battery of genes such as NQO1 and HO-1. The results of the present study also revealed an upregulation in the nuclear protein expression of Nrf2 than cytosolic Nrf2 expression with a decreased protein expression of Keap-1 in the cytosol. Thus, the antioxidant activity of ILQ may be associated with activation of Nrf2 signaling pathway through the downregulation of Keap-1, nuclear translocation of Nrf2 and an elevated expression of Nrf2 regulated genes such as NQO1 and HO-1.

The two important pathophysiological processes involved in the regulation of oxidative stress and inflammation are Nrf2 and NF-κB, respectively. Earlier it was reported that Nrf2 signaling pathway could modulate the overproduction of pro-inflammatory cytokines and chemokines and thereby inhibits the activation of NF-κB.[@CIT0044] In the resting state, NF-κB resides in the cytoplasm by attaching to inhibitor of alpha (IκBα) protein, but on stimulation of specific stimulants, such as ILQ, IκBα gets phosphorylated by IKKβ and undergoes proteosomal degradation and then NF-κB translocates to the nucleus to induce the expression of various inflammatory cytokines, chemokines, iNOS and COX-2.[@CIT0026] To test this hypothesis, IKKβ inhibitor, i.e. TPCA-1 was also included in the study. In MGN-treated rats, an upregulated renal mRNA expression levels of NF-κB p65, IKKβ, TNF-α, IL-1β and IL-8 and protein expressions of NF-κB p65, IKKβ, COX-2 and iNOS were observed in comparison with that of control rats. Conversely, treatment of MGN rats with either ILQ or TPCA-1 significantly reduced the mRNA expression levels of NF-κB, IKKβ, TNF-α, IL-1β and IL-8 and protein expression levels of NF-κB p65, IKKβ, COX-2 and iNOS when compared to only C-BSA induced MGN rats. Also, Western blot analysis revealed an upregulated expression of nuclear NF-κB and cytosolic IKKβ protein expressions with downregulated protein expression of cytosolic NF-κB in MGN rats. However, ILQ- or TPCA-1-treated MGN rats showed downregulation in the protein expressions of nuclear NF-κB and cytosolic IKKβ protein expressions in association with an upregulated protein expression of cytosolic NF-κB compared to MGN rats. From the results, it is evident that the anti-inflammatory responses of ILQ or TPCA-1 are mediated through the downregulation of IKKβ and reduced nuclear translocation of NF-κB to limit the expression of different inflammatory mediators.

The MAPKs have been implicated in the regulation of cellular growth and differentiation and plays a critical role in the control of the plethora of cellular response to cytokines and stresses. Accumulating evidence also suggests that MAPKs are involved in the activation of NF-κB pathway, which results in the overexpression of inflammatory mediators.[@CIT0045] Interestingly, various animal models with inhibition in the p38, mitigated the pro-inflammatory cytokines suggesting P38 a suitable candidate for targeted inhibition of inflammation.[@CIT0046] The results of the present study indicated that expression levels of p38 MAPK and p-p38 MAPK were upregulated in MGN rats when compared to that of control rats. Moreover, ILQ or TPCA-1 treatment to MGN rats significantly reduced the renal mRNA and protein expression levels of p38 MAPK and p-p38 MAPK when compared with MGN rats. In this study, the observed downregulation in the expression levels of iNOS, COX-2, TNF-α, IL-1β and IL-8 after treatment with either ILQ or TPCA-1 was linked to the inhibition of IKKβ/NF-κB and MAPKs pathways.

Previous reports suggested that various intercellular adhesion molecules were increasingly expressed upon activation of inflammatory signalling pathways.[@CIT0047] In the current study, an upregulated mRNA expression levels of ICAM-1, VCAM-1, E-selectin and MCP-1 were observed in MGN rats when compared to control rats. On the other hand, ILQ or TPCA-1 treatment downregulated the mRNA expression levels of ICAM-1, VCAM-1, E-selectin and MCP-1 indicating the inhibition of MAPKs activation and attenuation of inflammation.

In this study, the kidney histopathological evaluation revealed diffuse thickening of glomerular basement membrane with tubular atrophy in MGN rats. Whereas treatment of ILQ to MGN rats improved the pathological changes from severe to mild pathological changes in mesangium and interstitium. The improvement in the pathological changes might be due to the antioxidant and anti-inflammatory activities.

To conclude, the present study showed that the therapeutic effect of ILQ in rats on C-BSA induced MGN. The therapeutic effects are associated with its ability to upregulate the Nrf2 signalling pathway against oxidative damage and to inhibit the inflammation by downregulating the NF-κB signalling pathway. The present study demonstrates that ILQ has mitigated kidney impairment in C-BSA induced MGN rats through its anti-oxidant and anti-inflammatory effects through orchestrated Nrf2 and NF-κB signalling cascades. These findings strongly suggest that ILQ is a promising candidate against damage to the kidney during MGN condition. A treatment regimen involving ILQ could be considered as a potential new therapeutic intervention for MGN in the future. However, this non-clinical research further warrants clinical studies to apply these results in humans.
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